ABSTRACT Monounsaturated oils, virgin olive oil (VOO) and high oleic sunflower oil (HOSO) are suggested to have selective physiologic effects on humans in the fasting state. The aim of the study was to evaluate whether two oils with equal amounts of oleic acid but with different compositions of minor fatty acids and triacylglycerol molecular species (TAG) could produce different triacylglycerol-rich lipoprotein (TRL)-TAG responses in the postprandial state. Eight normolipidemic men consumed the following three meals in random order on separate occasions with 2 wk between meals: control meal, control meal plus VOO and control meal plus HOSO. Plasma total TAG and TRL-TAG were measured hourly for 7 h after ingestion. TAG and sn-2 positional fatty acids within TAG were analyzed in the TRL fraction. Plasma total TAG concentrations in response to the dietary oils did not differ. However, TRL triglyceridemia was significantly lower after VOO intake (P Ͻ 0.05). The molecular species in the TRL fraction returned toward basal levels more quickly (P Ͻ 0.05) after VOO than HOSO intake. 2-Positional fatty acid analysis demonstrated higher proportions of stearic and palmitic acids and a lower proportion of oleic acid (P Ͻ 0.05) in TRL-TAG derived from HOSO. This study shows that VOO intake results in attenuated postprandial TAG concentration and faster TRL-TAG disappearance from blood compared with HOSO, suggesting that the oleic acid content may not be the main factor affecting TAG metabolism. Minor fatty acids such as linoleic acid and the 2-positional distribution of saturated stearic and palmitic acids into the TAG molecule may be important determinants of postprandial lipemia in normolipidemic men. J. Nutr. 131: 59 -65, 2001.
Interest in postprandial lipoprotein responses to meal consumption has increased in recent years because angiographic clinical trials (1, 2) , case-control studies (3, 4) and several clinical conditions (5) have related atherogenesis and the metabolism of triacylglycerol-rich lipoprotein particles (TRL), 3 including chylomicrons, VLDL and their remnants. However, available data support the view that not all TRL have atherogenic potential. In recent studies, the substitution of dietary saturated fatty acids (SFA) with monounsaturated fatty acids (MUFA) derived from olive oil improved postprandial lipid metabolism and thrombotic response in humans (6, 7) .
TRL remnants are formed in the circulation when apolipoprotein (apo) B-48, containing chylomicron of intestinal origin, or apo B-100, containing VLDL of hepatic origin, are converted by lipoprotein lipase (LPL) into smaller and more dense particles, i.e., those depleted of triacylglycerols (TAG). The clearance of lipoprotein particles in plasma can be regulated by the activity of lipases, cell surface proteoglycans (8, 9) and by factors that are responsible for TRL remnant uptake such as receptor-mediated processes (10, 11) . It has been suggested that the stereospecific structure of TAG may modify the clearance of TRL remnants from plasma (12) . MUFA-rich oil consumption has been one of the recommended strategies for modulating the plasma lipid profile in humans (13) . Two sources of MUFA, virgin olive oil (VOO) and high oleic sunflower oil (HOSO), have been suggested to reduce the risk for cardiovascular heart diseases by having a similar effect in diminishing the atherogenic index (total cholesterol/HDL cholesterol) and LDL:HDL cholesterol ratio in plasma of normocholesterolemic and hypercholesterolemic hypertensive patients (14, 15) . However, the two MUFA-enriched diets (VOO and HOSO) had selective physiologic effects in humans (16, 17) . These studies highlight the fact that other factors such as TAG composition, minor fatty acids and nonfatty acid constituents, rather than the content of oleic acid, might be responsible for the benefits of VOO intake in healthy subjects and patients with cardiovascular risk factors (18) .
The aim of this study was to evaluate the postprandial TAG response in TRL of Svedberg flotation rate (Sf) Ͼ 400 in normolipidemic subjects after the ingestion of two MUFA-rich oils (VOO and HOSO) with equal amounts of oleic acid but different compositions of minor fatty acids and TAG molecular species. As far as we know, this is the first study to show the analysis of TAG molecular species in humans during the postprandial period after the ingestion of different dietary oils.
SUBJECTS AND METHODS

Materials.
Virgin olive oil (v. cornicabra) was kindly supplied by Aceites Toledo SA, Los Yébenes, Toledo, Spain. High oleic sunflower oil was obtained from a local grocery store. The oils had the same MUFA concentration (g/100 g total fatty acids) but differed in polyunsaturated fatty acid (PUFA) and SFA amounts ( Table 1) .
Subjects. Eight normolipidemic men were asked to participate in the study. They did not suffer from any digestive or metabolic disease as verified by medical history. Plasma chemistry and hematologic indices were within the normal range for all of the men. Age, body mass index, and baseline blood lipid and lipoprotein concentrations are listed in Table 2 . The subjects gave written, informed consent to a protocol approved by the Institutional Committee on Investigation in Humans (Hospitales Universitarios Virgen del Rocío, Sevilla).
Study design and blood collection. The study was designed as a short-term double-blind study. On separate occasions, the men ingested three meals with 2 wk between meals. All subjects maintained their habitual free-living diet during this period. In randomized order, the subjects were given the following: 1) one slice of brown bread (28 g); 100 g of plain pasta (cooked with 200 mL water); 130 g of tomato sauce and one skimmed yogurt, providing 1936 kJ of energy (control meal); 2) the control meal plus 70 g of virgin olive oil (4523 kJ of energy); and 3) the control meal plus 70 g of the high oleic sunflower (4523 kJ of energy). The oils were supplied mixed with the tomato sauce and the subjects could not tell which oil they were eating (19) . The dose of oil administered was similar to that used in previous human studies (20, 21) .
On the day of the postprandial study, the men were asked to consume a low fat meal, to refrain from smoking and drinking alcohol during the preceding day of the study because of the influence of these substances on lipid metabolism, and to refrain from eating after 2100 h. After an overnight fast (12 h), a cubital vein was catheterized with a small bore extension set with a Smartsite needleless valve port equipped with a disposable vacutainer (Vacutainer, Meylen, Cedex, France). A baseline fasting blood sample (14 mL) was then collected into 7-mL precooled vacutainer tubes (1 g/L EDTA-K 3 ) (0900 h). The subjects consumed the meal within ϳ15 min. Immediately after the meal, blood samples (14 mL) were drawn hourly during a 7-h postprandial period (between 0915 and 1515 h). During the period of the study, the subjects were allowed to drink water and undertook only light activities.
Blood samples were placed into ice water and plasma recovered rapidly by centrifugation (1750 ϫ g, 20 min, 1°C). NaAzide, phenylmethylsulfonyl fluoride and aprotinin were added to the plasma to a final concentration of 1 mmol/L, 10 mol/L and 28 mg/L, respectively (22) . Plasma was kept at 4°C for 12 h until lipoprotein fractionation.
Isolation of TRL. TRL [(Sf) Ͼ 400 fraction, d (kg/L) Ͼ 0.93] were isolated from 4 mL of plasma layered with 6 mL of a NaCl solution (d ϭ 1.006 kg/L) by a single ultracentrifugation spin (95000 ϫ g, 42 min, 15°C) (23, 24) . Ultracentrifugation was performed using a SW 41 Ti rotor in a Beckman L8 -70M preparative ultracentrifuge (Beckman Instruments, Palo Alto, CA). TAG concentrations were measured in plasma and in the TRL fraction (Sf Ͼ 400) in the control and test samples by a colorimetric enzymatic method (Peridocrom Triglycerides GPO-PAP kit, Boehringer Mannheim, Mannheim, Germany).
Identification of apolipoproteins in the TRL fraction. The structural apo B-100 and B-48 were taken as an indicator of the presence of VLDL and chylomicrons, respectively, in the isolated TRL fraction. TRL were isolated at 2 and 6 h as above from plasma containing benzamidine (0.03%) to prevent scission of apo B. Apo B-100 and B-48 were identified by the Laemmli SDS-PAGE system (7.5% SDS-PAGE slab gels, 1.5 mm thick). The gel electrophoresis was carried out at 30 mA/gel for 120 min (19) .
Perfect Protein Markers (MW 10 -225 kDa) (Calbiochem-Novabiochem, Schwalbach, Germany) were used as standards, and LDL as a B-100 standard. LDL were isolated by cumulative rate centrifugation in a density gradient using a SW 41 Ti rotor in a Beckman L8 -70M (24,25).
Analysis of triacylglycerol molecular species. TAG were vacuum-evaporated completely, redissolved in n-hexane and passed through a filter with a pore size of 0.2 m (Millipore, Bedford, MA). The chromatographic system consisted of a model 2690 Alliance liquid chromatograph (Waters, Milford, MA), provided with a Spherisorb ODS-2 column (250 ϫ 4.6 mm, 3-m particle size; Waters). The liquid chromatograph was coupled to a light-scattering detector model DDL31 (Eurosep, Cergy-Pontoise, France). The system was controlled by computer through the Millenium System (Waters). The mobile phase consisted on an initial elution gradient of 20% acetone in acetonitrile; the percentage of acetone was raised to 45% in 12 min and then to 80% after 65 min, and this percentage was held until the end of the analysis. The flow rate was 1 mL/min. Quintuple analyses of 10 L of n-hexane solution containing 0.5 g/L of pure TAG (Sigma Grade, 99% pure, Sigma Chemical, glycerol, tripentadecanoin, tripalmitin, triolein and trilinolein were injected to establish the capacity factor (kЈ) of the system. The triacylglycerol composition was predicted by means of relationships between the capacity factor (kЈ) and molecular variables of the pure TAG. We considered all of the stereospecific positions in the glycerol molecule to be equivalent because HPLC cannot separate positional isomers (26, 27) . Triacylglycerols were quantified using tridecanoin as the internal standard.
Analysis of triacylglycerol fatty acid methyl esters (FAME). TAG were isolated by solid-phase extraction diol columns (Supelclean LC-Diol, Supelco, Bellefonte, PA) using hexane/methylene chloride (9:1, v/v) as eluent. An aliquot was taken for analysis of total fatty acids by gas-liquid chromatography (GLC). A second aliquot was stored at Ϫ80°C for further analysis of the TAG molecular species by HPLC.
TAG were transmethylated and the resulting FAME analyzed by GLC as described by Ruiz-Gutiérrez et al. (28) Analysis of triacylglycerol fatty acids in the sn-2 position. TAG were partially hydrolyzed by pancreatic lipase (EC 3.1.1.3, Sigma Chemical) from pigs. Hydrolysis products were separated by TLC using silica gel 60 plates and diethylether/hexane/acetic acid (90: 10:1, v/v/v) as solvent. The monoacylglycerol band was scraped off, eluted with hexane and treated as above for analysis of FAME (29) .
Statistical analysis. Results are presented as means Ϯ SD. The statistical tests were performed with the GraphPAD InStat (Graph-PAD Software, San Diego, CA) and CoStat (CoHort Software, Berkeley, CA) statistical packages. The significance of differences between the fatty acid composition of the oils (Table 1) , and between the oils and TRL TAG molecular species and the fatty acid composition (Tables 3 and 4) was assessed by repeated-measures two-factor ANOVA. Significance of the individual means was determined with Tukey's post-hoc comparison of the means. When necessary, values were transformed reciprocally before statistical analysis to compensate for unequal variance. ANOVA was also used to compare the profiles of TAG in plasma and in the TRL fraction after the ingestion of the three dietary treatments (control, VOO and HOSO) (Figs. 1, 2). Differences of P Ͻ 0.05 were considered significant.
RESULTS
Virgin olive (VOO) and high oleic sunflower (HOSO) oils fatty acid composition. VOO and HOSO had equal amounts of the MUFA, oleic acid [18:1(n-9)] (Table 1) . VOO had a higher content of SFA and lower PUFA than HOSO. They differed significantly in the proportions of palmitic (16:0), palmitoleic [16:1(n-7)] and ␣-linolenic [18:3(n-3)] acids, which were higher in olive oil, and the proportions of stearic (18:0) and linoleic [18:2(n-6)] acids, which were higher in HOSO (P Ͻ 0.05).
Postprandial lipemic response. After consumption of the test meals, the TAG concentration in plasma rose from fasting levels to reach maximum postprandial levels at 2 h, and also at 6 h for VOO (Fig. 1A) . The triglyceridemic profiles in plasma after the ingestion of the two oils did not differ. On the contrary, TAG responses in the TRL fraction after VOO and HOSO intakes differed (P Ͻ 0.05) (Fig. 1B) . Both oils caused a biphasic trigliceridemic response, with the TAG concentration at the 2-h peak time significantly lower after the VOO load (P Ͻ 0.05). The presence of TAG-TRL in blood was longer after HOSO consumption as shown by a longer time of TAG disappearance, 5 h for HOSO vs. 4 h for VOO. The TAG response after the control treatment differed from after the test meals (P Ͻ 0.05).
SDS-PAGE indicated the presence of apo B-48 and apo B-100 within the TRL fraction of Sf Ͼ 400 (data not shown). Apo B-48 can serve as a marker for intestinally derived lipoproteins. Apo B-100 also could have been synthesized and secreted by the human intestine or be associated with hepatic VLDL.
Triacylglycerol (TAG) composition of oils and triacylglycerol-rich lipoproteins (TRL). Triolein (OOO) was the major TAG found in HOSO (86% of the total triacylglycerols), whereas OOO (62%) and palmitoyl-dioleoyl-glycerol (POO) (29%) were the most abundant TAG present in VOO ( Table  3 ). The proportions of the individual molecular species present in the lipoprotein fraction at the maximum height of the early TRL peak (2 h after ingestion) differed from their composition in the parent oils. The percentage of OOO decreased significantly by 20% in both groups (P Ͻ 0.05). The intake of olive oil produced a wider variety of saturated triacylglycerols such as tripalmitin (PPP) and distearoyl-oleoylglycerol (SSO), and increased the percentage of other minor TAG in the lipoprotein fraction. Only palmitoyl-dioleoylglycerol (POO), stearoyl-dioleoyl-glycerol (SOO) and palmitoyl-oleoyl-stearoyl-glycerol (POS) were unaffected. In contrast, HOSO oil ingestion produced less marked changes in the lipoprotein triacylglycerol composition, although it is important to note the significant decrease in trilinolein (LLL) and concomitant increase in linoleoyl-dioleoyl-glycerol (LOO) (P Ͻ 0.01).
Triacylglycerol molecular species composition along the postprandial period. Individual TAG concentrations after control and test treatments are shown in Figure 2 . Each TAG profile differed between the two oil treatments (P Ͻ 0.05). The TAG concentration returned toward basal levels more quickly after VOO than after HOSO intake. The fastest removal of the TAG occurred from 2 to 4 h after ingestion of VOO, in comparison with the longer time after HOSO administration, 2-5 h. This occurred in all of the TAG identified and did not depend on the concentration of the TAG in the particle.
Triacylglycerol fatty acid composition. The fatty acid compositions of the TAG at the peak time (2 h) and valley times of 4 h (VOO) and 5 h (HOSO) are presented in Table  4 . The predominant fatty acids in the TRL fraction at the 2-h peak time were oleic and palmitic acids after VOO treatment, but oleic and linoleic acids after HOSO treatment. TRL after VOO treatment were richer in palmitic, ␣-linolenic, docosapentaenoic [22:5(n-3)] and docosahexaenoic [22:6(n-3)] acids compared with TRL after HOSO treatment (P Ͻ 0.05). HOSO-TRL showed higher percentages of linoleic, stearic and arachidonic [20:4(n-6)] acids than VOO-TRL (P Ͻ 0.05). TAG in TRL remnants resulted in a significant decrease in oleic acid and a concomitant increase in SFA such as myristic (14:0) and stearic acids (P Ͻ 0.05) 4 h after ingestion of the VOO meal. The percentages of PUFA of the (n-6) and (n-3) families were also increased (P Ͻ 0.01). TAG in TRL remnants (5 h) after HOSO treatment showed a significant decrease in oleic acid and an increase in palmitic acid (P Ͻ 0.05); PUFA of the (n-3) family increased at a lower rate than in TRL after VOO treatment (P Ͻ 0.05).
Positional distribution of fatty acids in TRL-triacylglycerols. The sn-2 fatty acids in the glycerol backbone 2 h after olive oil ingestion included palmitic, stearic, oleic and linoleic acids as the main constituents ( Table 5) . Triacylglycerols derived from HOSO ingestion presented the same fatty acid composition but with significantly more SFA (palmitic and stearic acids) and less oleic acid (P Ͻ 0.05) esterified to the sn-2 position.
DISCUSSION
There is physiologic evidence that two MUFA-rich oils can lead to similar plasma lipid and lipoprotein profiles in fasting healthy subjects and hypertensive patients, but can produce different structural and functional responses in erythrocyte cell membranes (16 -18) . This suggests that factors other than the oleic acid content may be responsible for the different metabolic effects in the fasting state. The aim of this study was to evaluate in detail whether two oils with equal amounts of MUFA (oleic acid) but different compositions of minor fatty acids and TAG molecular species could produce different TRL responses in the postprandial state. This was achieved by comparing the TAG molecular species present in the TRL fraction after the ingestion of either VOO or HOSO by healthy men during a 7-h postprandial period. In this study, VOO intake reduced the postprandial TAG lipoprotein response. Lower percentages of stearic and palmitic acids and a higher proportion of oleic acid were in the sn-2 position of the TAG-TRL derived from VOO. The findings indicate that the oleic acid content in a MUFA-rich oil does not seem to be the main factor affecting postprandial TAG metabolism. Rather, we contend that other minor fatty acids (stearic, linoleic acids) and their positional distribution into TAG may be of major physiologic relevance in adult normolipidemic subjects. 1 Values are means Ϯ SD, n ϭ 8. If necessary, data were transformed reciprocally before statistical analysis. a Significant difference between oils; b significant difference between TRL; c significant difference between VOO-oil and VOO-TRL; d significant difference between HOSO-oil and HOSO-TRL, P Ͻ 0.05; ND, not detected. There is epidemiologic evidence for a role of plasma TAG in atherosclerosis; most studies show a positive correlation between TAG levels and the risk for cardiovascular disease (30) . In our study, the TAG profiles in plasma and TRL clearly demonstrated that two oils with similar MUFA composition can produce equal TAG plasma concentrations but different TAG-TRL responses during the postprandial period. Even though VOO and HOSO were supplemented equally, the concentration of TAG in TRL after HOSO intake was significantly higher and remained in blood longer than after VOO ingestion during the early postprandial period. Therefore, the determination of total plasma TAG levels can be misleading when studying the effects of dietary oils in the postprandial period if the TAG-TRL fraction is not considered.
The major emphasis of our study was to investigate the TAG molecular species present in postprandial TRL after the ingestion of VOO and HOSO. TRL had a better balanced TAG composition compared with the dietary oils. It is important to note that dioleoyl-linoleoyl-glycerol, which is a small component of both oils, became a major component in TRL. The reason is unknown but it could be a mechanism for supplying the tissues with the essential fatty acid, linoleic acid.
We detected a different metabolic processing of TAG-TRL derived from VOO and HOSO, as indicated by their different TAG patterns during the postprandial period. The TAG molecular species returned toward basal levels more slowly after HOSO intake; this may have been due to a slow rate of clearance of TAG and/or a greater formation of TRL after HOSO ingestion. In this respect, the high concentration of linoleic acid in HOSO could have increased the transport of TAG into the enterocyte, resulting in a greater secretion of chylomicrons (31) . Other minor nonfatty acid constituents in the oils, such as sterols, may account for some of the differences in plasma lipid concentrations observed after consumption of diets similar in fatty acid content (32) . The mechanisms involved are the inhibition of cholesterol absorption in the small intestine and/or increased biliary excretion (33, 34) . A cholesterol absorption diminished by the presence of sterols could result in an attenuated formation of chylomicrons in the enterocyte. We contend that the sterols present in the oils in this study did not affect the formation of TRL because the concentration of TRL after HOSO ingestion was greater than after VOO intake, even though HOSO contain a greater total amount of sterols than VOO (15) . In agreement with our hypothesis, plasma TAG levels have been found not to be affected by plant sterols (35) .
We did find differences in the stereospecific fatty acid location in the lipoprotein TAG. TAG-TRL derived from HOSO ingestion had a lower percentage of oleic acid and were enriched in stearic and palmitic acids in the sn-2 position compared with TAG-TRL after VOO intake. These structural differences may have been responsible for the slower clearance of HOSO remnant particles because stearate in the 2-position retards the uptake of chylomicron remnants by the liver (12) . The susceptibility of the TAG to hydrolysis by LPL, which is also involved in TAG clearance, does not seem to be affected by the position to which fatty acids are esterified to the glycerol backbone (36) . In
FIGURE 2
Triacylglycerol molecular species (TAG) composition of plasma triacylglycerol-rich lipoprotein fraction in men after the ingestion of the control meal, the control meal plus virgin olive oil (VOO) or the control meal plus high-oleic sunflower oil (HOSO). Panels A-F show some of the most abundant TAG detected in TRL. Values are means Ϯ SD, n ϭ 8. Means at a time without a common letter differ significantly, P Ͻ 0.05. SOO and OLL were not detected in the subjects after ingestion of the control meal. Abbreviations used: OOO, triolein; OOL, dioleoyl-linoleoyglycerol; OLL, oleoyl-dilinoleoyl-glycerol; LOO, linoleoyl-dioleoyl-glycerol, POO, palmitoyldioleoyl-glycerol; POL, palmitoyl-oleoyllinoleoyl-glycerol; SOO, stearoyl-dioleoylglycerol. disagreement with our results, Summers et al. (37) suggested recently that the metabolic events after LPL-hydrolysis of chylomicron-TAG are largely unaffected by the nature or the position of stearic and oleic acids within dietary TAG. However, the authors showed maximal TAG response in plasma and TRL at 4 and 5 h after ingestion, which is later than the normal diurnal pattern in which the maximal triacylglycerol response occurs after 2-3 h (38, 39) . It is therefore likely that some metabolic processes from digestion to lipid transport could have been affected, not excluding the possibility of an impairment in the clearance of TRL-remnants through hepatic receptor saturation (40, 41) .
The ingestion of VOO significantly increased the content of long-chain (n-3) PUFA (docosapentaenoic and docosahexaenoic acids) in TAG of TRL compared with HOSO intake. We also detected an accumulation of (n-3) PUFA in the VOO chylomicron remnant particles, possibly due to ester bond resistance of these fatty acids to LPL action. Intestinally derived remnant lipoproteins are taken up by the liver (42); therefore, an enrichment of (n-3) PUFA in the VOO chylomicron remnants would imply a better availability of these fatty acids for VLDL formation. This is consistent with our previous findings in which VOO, but not HOSO promoted the presence of docosahexaenoic and docosapentaenoic acids in TAG of VLDL from healthy subjects (14) and patients with untreated essential hypertension (43) and corroborates our previous hypothesis that the availability of (n-3) PUFA for the resynthesis of TAG-VLDL in the liver may be increased by the consumption of VOO. This is of major metabolic importance because (n-3) PUFA competitively inhibit the utilization of arachidonic acid by the cyclooxygenase pathway and subsequent output of eicosanoids (44, 45) .
In conclusion, this study shows that VOO intake results in lower postprandial TAG-TRL concentration than after HOSO intake. All of the TAG molecular species identified returned toward basal levels more quickly after VOO compared with HOSO intake. Our findings suggests that the oleic acid concentration in a MUFA-rich oil may not itself be the main factor affecting postprandial triacylglycerol metabolism. We hypothesize that other minor fatty acids such as linoleic acid and the 2-positional distribution of saturated fatty acids (stearic, palmitic acids) into the TAG molecule may be of physiologic relevance. 
